nonmammalian homolog, the optic tectum (OT), has
Introduction regulator of eye-specific segregation of axons within the visual system. Increasing (Stellwagen and Shatz, 2002) In the adult brain, neural systems exhibit a hierarchy of or decreasing (Penn et al., 1998) spontaneous activity functional organization that reflects distinct arrangein one retina relative to the other alters the normal patments of axonal connections. This organization is the tern of innervation, indicating that a competitive process result of a developmental process during which axons is involved and that perhaps the spiking frequency of make a series of pathfinding choices and undergo stereRGCs is critical to eye-specific segregation of their axotypic branching along their length to reach their targets, ons within the dorsal lateral geniculate nucleus (dLGN). within which they establish orderly sets of synaptic con-
However, Huberman et al. (2003) report that spontanenections (Burden et al., 2003). The visual system has
ous RGC activity in general, rather than activity patterns been a prominent model of both the functional organicorrelated between RGCs within an eye, is a dominant zations of sensory systems and the mechanisms that parameter in eye-specific segregation. In addition, incontrol their development. Two distinct fundamental traocular injections of TTX do not fully arrest layer formaorganizational features of axonal connections in the tion in the dLGN (Cook et al., 1999) , which implies that mammalian visual system are interdigitated regions of mechanisms in addition to action potentials may be ineye-specific connections and topographic maps (Reid, volved in segregation. In a higher-order visual projec-2003).
tion, Crowley and Katz (1999, 2000) suggest that molecEye-specific connections are patterned in a manner ular tags may be key parameters controlling the that keeps inputs from the two eyes segregated, segregation of geniculocortical axons into eye-specific allowing them to be brought together in selective mancolumns within the primary visual area, although again this is a contested issue (Crair et al., 2001 ). The projection from the retina to its major midbrain nonmammalian homolog, the optic tectum (OT), has been the predominant model system for development precise retinotopy in fish, but does not reveal the relative of topographic axonal connections. The developing retiimportance of correlated versus uncorrelated RGC acnotectal projections in chicks and rodents early on lack tivity. any significant degree of topographic order and exhibit A Hebbian-like, activity-based mechanism that has similar mechanisms to generate a refined map, distinct been hypothesized to drive retinotopic refinement refrom those in fish and amphibians (McLaughlin et al., quires that the firing of neighboring RGCs is strongly 2003a). Initially, in chicks and rodents, RGC axons subcorrelated and that the correlation in firing declines in stantially overshoot their appropriate termination zones a distance-dependent manner; correlated RGC inputs (TZs) along the anterior-posterior (A-P) axis of the OT/ are stabilized and noncorrelated RGC inputs are elimi-SC. RGC axons from a given dorsal-ventral (D-V) locanated (Hebb, 1949 ) been postulated that similar activity-dependent mechaemerges a few days later, the retinocollicular projection nisms drive the refinement of topographic maps. Howfails to develop a refined topographic map. These findever, only a handful of studies have actually addressed ings demonstrate that the large-scale remodeling of the the role of neural activity in map refinement; these studmammalian retinocollicular projection that leads to the ies have relied predominantly on pharmacological development of a refined topographic map requires corblockade of retinally mediated activity in RGCs or in the related RGC activity during an early brief critical period target. In species in which the retinotopic map develops covering the first postnatal week. by the direct topographic targeting of RGC axons and their terminal arborization, such as amphibians and fish, Results pharmacological activity blockade typically has been reported to have little effect on the establishment of Mice Lacking the ␤2 Subunit of nAChR Have topography (Harris, 1980 (Harris, , 1984 Butts, 2002) . We therefore computed the correlation index for all recorded pairs of neurons. The correlation index is the factor by which the firing rate in neuron B relative to each spike in neuron A is increased above chance. At P4-P5, neighboring wt neurons are more strongly correlated than distant ones (Figure 2A) . In ␤2 Ϫ/Ϫ retinas, the correlation index is lower than wt at all separation distances. In addition, the correlation index as a function of distance is constant in ␤2 Ϫ/Ϫ mice, indicating that the source of the small correlations between neurons does not distinguish nearby neurons from distant ones. At P10-P11 (Figure 2A ), the correlation index in ␤2 Ϫ/Ϫ mice is similar to wt, indicating strong nearest neighbor correlations are restored.
Another feature of retinal waves is the firing rate of the neurons during a burst. During retinal waves, wt neurons attain high firing rates for a short period of time and then are silent for long periods. To determine the firing rate of individual neurons during the period when they are bursting, we calculated the median interspike interval (ISI) for each neuron. The median ISI is much longer in P4-P5 ␤2 Ϫ/Ϫ neurons (213.68 Ϯ 13.21 ms, n ϭ 91 neurons) than in P4-P5 wt neurons (93.20 Ϯ 5.75 ms, Ϫ/Ϫ mice at the end of the third postnatal week (P19-P22). Thus, these P19-P22 ␤2 Ϫ/Ϫ mice lacked coraberrant TZ observed in ␤2 Ϫ/Ϫ mice appear more dense and focused at P19-P22 than at P7-P9. These observarelated RGC activity during the first postnatal week when the retinocollicular projection normally refines but did tions suggest a subtle refinement of RGC axon arborizations after the first postnatal week, although the deexperience correlated RGC activity over the second and third postnatal weeks. We focused our analyses on crease in percentage coverage of the TZs between the two age groups is not statistically significant in either cases with a small injection of DiI into temporal retina similar to those used in the analyses described above wt or ␤2 Ϫ/Ϫ mice (wt, P7-P9 versus P19-P22, p ϭ 0.16; ␤2 Ϫ/Ϫ , P7-P9 versus P19-P22, p ϭ 0.31). The aberrantly to enable a direct comparison of map organization to that in P7-P9 ␤2 Ϫ/Ϫ mice that never experienced correexpanded domain of ectopic RGC arborizations persists critical period can be defined for this process. The mammalian retinocollicular projection requires a substantial degree of remodeling to develop a precise retinotopic map. In mice, this remodeling occurs over the first postnatal week and transforms a topographically diffuse projection into a very precise map through the large-scale elimination of overshooting portions of RGC axons that had initially extended well past their correct TZ, as well as the elimination of ectopic branches and arbors. This large-scale remodeling occurs well before the onset of visually evoked activity. However, the remodeling is coincident with a unique phenomenon of spontaneous retinal waves that propagate across the retina in a stochastic manner, generated by a network of cholinergic amacrine cells that interconnect RGCs that express nAChRs. These retinal waves generate correlated patterns of spontaneous activity among neighboring RGCs. To address whether retinal waves and correlated RGC activity are required for retinotopic map remodeling, we analyzed mice deficient for the ␤2 subunit of the nAChR, a component required for propagating retinal waves during the first postnatal week. Our findings show that retinal waves and correlated RGC activity are required for retinotopic map remodeling. In addition, our findings demonstrate that the first postnatal week constitutes a critical period during which this remodeling must occur. This mouse model provides significant insight into the respective roles of patterned activity and axon guidance molecules in the development of a topographic map.
␤2
Ϫ/Ϫ Mice Lack Correlated Patterns toshop software to analyze digital images taken with a Zeiss LSM510 Retinas were cut into thirds, mounted RGC side up on filter paper, confocal microscope or a Retiga EX (QImaging) digital camera. and kept at 32ЊC in ACSF bubbled with 95% O 2 /5% CO 2 until use (1-6
Cases quantified had similar background and DiI labeling efficacy. hr). During experiments, preparations were superfused continuously For injection size quantification, the number of pixels exceeding 5 with oxygenated ACSF warmed to 32ЊC. times the background luminosity value of unlabeled retinal tissue was divided by the total number of pixels representing the entire neural retina and expressed as a percentage. All retinal analyses Optical Recording As previously described (Bansal et al., 2000) , retinal whole-mounts were performed blind to genotype. TZ sizes were determined similarly using a threshold of 1.5 times (for P7-P9) or 1.2 times (for were incubated with 10 M fura-2AM (Molecular Probes) (50 g 
